Introduction Magnetic logic devices have advantages of non-volatility, radiation hardness, scalability down to the sub-5-nm range, and three-dimensional (3D) integration capability. Despite these advantages, nanomagnetic applications for information processing are limited today. The main stumbling block is the inadequately high energy required to switch information states in the spin-based nanodevices. Recently, the spin-transfer torque (STT) effect has been introduced as a promising solution [1] [2] . In STT magnetic tunneling junctions (MTJs), using a spin-polarized electric current to switch magnetic states has the potential to solve the energy problem. However, the switching current density on the order of 1 MA/cm 2 in the current STT-MTJ devices, with the smallest reported to date characteristic cross-sectional size on the order of 10 nm, still remains inadequately high for enabling a wide range of information processing applications [3] [4] . For the technology to be competitive in the near future, it is critical to show that it could be favorably scaled into the sub-10-nm range. On a positive note, due to a new physics in this previously poorly explored size range, nanomagnetic devices may display promising characteristics that can make them superior to their semiconductor counterparts. In this size range, the underlying spin physics is due to the surface as much as it is due the volume. As a result, the effective thermal reservoir that absorbs spin excitations is substantially reduced, which in turn leads to a reduced spin damping and consequently to a reduced switching current density. Hence, the current study to understand the junction size dependence of the spin switching current is timely. This paper presents the key results of this study.
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Underlying Physics of Sub-10-nm Magnetic Tunneling Junctions
The switching current density, J s , is linearly proportional to the damping constant according to the popular phenomenological expression for the switching current density,
where H Keff is the anisotropy field that includes both intrinsic and shape anisotropy, H 0 is the net external field,  is the damping constant (~0.001-0.1),  is the spin torque efficiency factor, M s is the saturation magnetization (~500 emu/cc), and t is the thickness of the "free" layer (~1nm), p is the spin polarization, which is uniquely connected to the magnetoresistance, R/R, according to
Previously, we have experimentally demonstrated that the switching current density could be substantially reduced in the sub-10-nm range [4] . In this region, the thermal reservoir, which usually absorbs the energy of spin excitations, becomes inadequately small for absorbing the energy resulting from the spin switching dynamics; consequently, the spin damping, , is reduced. . In general, the elastic modulation of exchange interaction and crystalline fields creates a coupling to phonons; L-S interactions contribute to fast and slow spin-lattice relaxation mechanisms. Spin-lattice relaxation and thermal fluctuations from the thermal reservoir destroy a Hamiltonian behavior of the spin system and therefore sacrifice the coherent long-lived signals.
Through atomistic calculations, we have shown that the spin relaxation time increased by orders of magnitude as the device sizes were reduced into the sub-10-nm range. According to a highlevel physics model, the effect can be described through a trivial separation of surface and volume effects. The spin relaxation time can be expressed as
where d is the nanostructure diameter, g is the shift of the g-factor due to the deviation from the free electron case. In turn, the g-factor shift is made of the volume and surface parts,
where g  and g s stand for the shifts for the bulk and surface electrons, respectively, N and N s stand for the volume and surface electron concentrations, respectively. Here, g  /g S ~ 10 X , (5) where X >> 1. According to this trivial high-level formalism, as the size become substantially smaller than 10 nm, the spin relaxation time can be drastically increased.
Fabrication Challenges
To understand the STT physics in this size range, it is important to design an adequate test structure. Our two original test structures relied on using (i) deposition of entire junctions on the tip of a silico n etched nanoprobe and (ii) focused ion beam (FIB) etching to define the final planar geometry, as illustrated in Figs. 1a and b, respectively. In both cases, the standard perpendicular magnetic junction composition of Ta/CoFeB (1nm)/MgO (<1)/CoFeB(1)/Ta was fabricated via sputter deposition. Typical R-I and MR curves for the two designs are shown in Figs 2a and b, respectively. Both designs had their limitations. In the case of the nanoprobe test structure, the size was limited by the diameter of the nanoprobe's tip, which was very difficult to control through etching techniques. In the case of FIB structures, FIB etching was the final step after a conventional class-100 cleanroom process was used to fabricate a relatively large size junction with a characteristic planar size of 1 µ. A relatively low gallium FIB current (on the order of 1 pA) was used to further reduce the planar sides below a 10-nm size. A scanning electron image of a typical FIB-modified test structure is shown in Fig. 1b . In this case, the main two challenges were related to (i) tuning up the beam conditions to define such small sizes and (ii) minimization of the magnetic degradation due to the potential ion implantation. The preliminary results were sufficiently encouraging to move forward with more robust and scalable fabrication methods. This presentation describes I-V and MR dependencies of sub-10-nm MTJs fabricated through three alternative approaches: (1) minimum-exposure FIBmodified test structures, (2) etch-limited fully protected sub-10-nm MTJs, and (3) nanoparticlebased sub-10-nm MTJs (Figs. 3a-c 
